Low cost CuIn(Ga)Se 2 (CI(G)S), CdTe and GaAs thinfilm solar cells with photosensitive film thicknesses in the range of a few microns -either on thick flat glass substrates or thin flexible substrates like plastic or metal foils -are gaining ground in the solar cell market compared to the traditional and expensive Si solar cells. We report on the optimization of the d i f f e r e n t s t r u c t u r i n g p r o c e s s e s ( P 1 , P 2 a n d P 3 structuring) of CI(G)S thin-film solar cells regarding process speed, structuring quality and efficient ablation strategies with a special beam shaping optics and an ultrafast picosecond laser system. The structured samples were optically analyzed using stereo and confocal microscopes. The ablation structures obtained with the picosecond laser system are compared with the mechanical structuring processes using fine metal needles for high volume production of thin-film solar cells and modules.
Introduction
Copper indium (gallium) diselenide (CI(G)S) thin-film solar cells with efficiencies of more than 11% -either on large rigid transparent glass substrates or on small flexible thin substrates made of stainless-steel foils or polyimide films -make new applications in the sunlight-converting industry possible as they require only few raw materials and can be produced in cost effective and scalable manufacturing processes, like the roll-to-roll process for flexible substrates. Although the manufacturing technology for CI(G)S thin-film solar cells is quite different regarding large rigid or small flexible substrate materials (Figures 1 and 2 ), the layer structure for both cell types is nearly the same : A back-electrode made of chromium (Cr) and molybdenum (Mo) is deposited on the chosen substrate m a t e r i a l w i t h a t h i c k n e s s of 0 . 5 -1. 0 µ m a n d a uniformity of +/-3% optimized for maximum performance and minimal cost ( Figure 3 ) [1, 2] . Onto this back-contact the absorber layer made of CI(G)S is deposited as the p-type semiconductor material with a thickness of 1.0 -2.5 µm. A high coating uniformity of the film is necessary to achieve optimal performance and high yields. Then a CdS buffer layer which acts as the 'n' part of the p-n junction of the photovoltaic cell is deposited onto the absorber layer. Finally a transparent and conductive layer (e.g. ZnO) is sputtered onto the top surface and acts as the frontelectrode of the device. The transparent conductive oxide (TCO) film, also an n-type material, complements the underlying CdS buffer coating. The total TCO coating thickness is in the range of 0.1 -0.3 µm. To make the CI(G)S thin-film solar cell work this multilayer structure has to be selectively processed -in the case of the flexible substrate of figure 1 after the complete layer formation, in the case of the rigid glass substrate of figure 2 between the different deposition processes (the so-called P1, P2 and P3 structuring). Thin-film solar cells with flexible substrate materials are currently mechanically structured using arrays of fine metal needles. This process leads to poor cell quality and low overall efficiency. Thin-film cells with a rigid glass substrate as carrier material are also scribed mechanically with process speeds of more than 2 ms -1 with the same quality restrictions for the P1, P2 and P3 structuring processes (Figures 2 and 4) . For the P1 patterning process Q-switched diode-pumped solidstate laser systems or pulsed fiber lasers at 1064 nm are also used whereas for the P2 and the P3 steps Qswitched lasers at 532 nm dominate this processes, all with high pulse repetition rates of up to 100 kHz and nanosecond pulse duration [3, 4] .
To substitute the mechanical needle structuring and the laser patterning of the P1, P2 and P3 processes with different Q-switched and fiber laser systems, ultrafast pulse lasers with high mean power in the range of 10 -50 W and pulse durations in the pico-and femtosecond time scale currently used for precise micro-machining applications are proposed for the precise and nearly athermal structuring of thin-film solar cells made of CI(G)S absorber layer material [5] [6] [7] . All these laser systems -including the ultrafast one -show a high beam quality (M 2 < 1.3) and a Gaussian beam profile to produce small focal diameters for the patterning processes. Nevertheless, a Gaussian beam profile with a high peak intensity in the center of the laser beam is not well suited to ablate thin-film material in the range of only a few microns with high process speed and high reproducibility without adjacent layer or substrate damage.
We demonstrate and discuss results on the P1, P2 and P3 patterning processes of CI(G)S thin-film solar cells as of figures 1 and 2 collected from commercial manufactured solar cell lines using a high pulse repetition rate ultrafast laser system with picosecond pulse duration at 1064 nm together with a special beam shaping optics. The patterning results were compared with the mechanical needle and the Q-switched laser structuring.
Materials and Methods
For the structuring of both types of CI(G)S thin-film solar cells we used an ultrafast pulse laser system with a pulse duration of 9.4 ps (FWHM) and a maximum pulse repetition rate of 100 kHz (picoREGEN IC-1500 ps Nd:VAN REG AMP, High Q Laser Innovation GmbH) at a wavelength of 1064 nm. At 10 kHz pulse repetition rate the laser system outputs 270 µJ pulse energy whereas for 100 kHz the pulse energy drops down to 17 µJ. ScanLab GmbH) and was focused by telecentric fTheta objective lenses with different focal lengths (Sill Optics GmbH) onto the CI(G)S thin-film solar cell targets. Or, depending on the structuring speed, the shaped laser beam was focused with a fixed diffraction limited lens and the CI(G)S target was moved with a high-speed X/Y table combination of single linear stages (Aerotech GmbH). The laser system, the beam expander, the scanning head and the table combination were all controlled by a common laptop computer system with a special beam manipulation software (SCAPS GmbH).
Results
The aim of this study was to optimize the P1, P2 and P3 structuring processes in CI(G)S thin-film solar cell manufacturing regarding efficiency and reliability. Figure 7 shows for comparison the optical microscope picture of the mechanical structuring result of the P3 process in the CIS solar cell configuration of figure 2 with a needle. Clearly visible are the severe damages either in the ZnO/CdS/CIS layer structure or in the glass substrate itself due to the mechanical contact procedure. This results in a poorer efficiency of the large thin-film solar cell with hundreds of mechanical structuring lines and affects the long term stability in a negative way. The same effects can be observed in the mechanical P2 patterning process with severe damages in the Mo/Cr back-contact layer and the CIS absorber layer. Better results are obtained in the P1 structuring process with a pulsed Q-switched Nd:YAG laser in the nanosecond time regime although local nonablated islands of Mo/Cr or severe glass damages due to thermal effects can be observed (Figure 8 ). This is most pronounced in the center of each laser pulse where the intensity of the Gaussian laser beam profile is above damage threshold. for comparison. The patterning with the ultrafast laser was performed with an unshaped Gaussian beam profile that still produces rippled channel walls and some glass substrate modifications in the center where the intensity is also above threshold. When the beam shaping optics is added to the light pass as of figure 5 using the same focusing condition as before, the side walls of the structuring lines in Mo/Cr are straight and without ripples and the glass substrate doesn't show any thermal damage. This was obtained either with a flattop or donut shaped intensity distribution in the focal plane of the fTheta scanning lens as of figures 10 and 11. The same results were obtained in the P2 and P3 patterning steps with the ultrafast laser system in combination with beam expansion and beam shaping with the Focal-piShaper_9_1064. For the structuring of the CI(G)S absorber layer it seems to be more effective to use the donut shaped intensity distribution as of figure 11. The P1, P2 and P3 structuring processes of the CIS thin-film solar cell as of figure 2 were more precise and reproducible with the beam shaped laser beam then using the raw Gaussian beam from the picosecond laser alone. We didn't see the severe Mo/Cr damage above a very sharp pronounced fluence limit as with the Gaussian beam profile (Figure 12 ). We could, however, extend the possible working range for safe patterning by at least a factor of 2 for all three processes, even at very high scanning speeds only limited in our experiments by the maximum mean power of 2.5 W of the picosecond laser system. Without or with the aid of the beam shaper we also performed structuring processes on the flexible CIGS thin-film solar cell as of figure 2. For the structuring of this cell configuration we have to perform two parallel lines through the complete thin-film layer structure down to the Mo/Cr back-contact without damaging the molybdenum. The lines in the real product are separated by 1.5 mm only. Figure 13 shows the patterning result of the flexible thin-film cell with the raw picosecond laser beam without beam shaping. For a better visibility of the ablation effect the scanning speed was chosen thus that the pulse overlap was high (in the range of 95%). The ablation characteristics due to Gaussian beam profile is clearly visible with regions of molten ZnO/CdS/CIGS at both sides of the channel. The fluence was chosen thus that the back-contact shows no signs of damage (compare figure 12 above).
Again, by beam shaping the originally Gaussian beam with the Focal_piShaper_9_1064 according to the intensity distributions of figure 10 and 11, respectively, we were able to generate precise and reproducible line walls within a wide range of fluence levels ( Figure 14 ). The side walls of the patterning line appear regular and with no sign of thermal influence leaving the Mo/Cr back-contact damage-free. An additional advantage is the broad fluence range for a reliable and reproducible manufacturing process without mechanically touching the sensitive thin-film layer configuration. Also no signs of remaining material are visible that might be responsible for a later short-circuit with the front electrode.
Summary W e h a v e s h o w n t h a t b y b e a m s h a p i n g t h e r a w Gaussian laser beam from an ultrafast picosecond laser system to an either flattop or donut shaped intensity distribution by adding a special telescopic refractive optical system to the optical setup of the touchless structuring processes of CI(G)S thin-film solar cells it is possible to generate cells with higher efficiency, reliability and yield. This special kind of beam shaper can also be used for other procedures in solar cell manufacturing of either thin-film or bulk Si solar cells by choosing the right intensity distribution optimal for a specific process step.
